Purpose: Small field-of-view CdZnTe ͑CZT͒ gamma cameras are increasingly studied for breast lesion detection to complement mammography or ultrasonographic findings. However, in classical collimation configurations, they remain limited by the trade-off between spatial resolution and sensitivity. The HiSens architecture was proposed to overcome these limitations. Using an accurate 3D localization of the interactions inside the detector, this architecture leads to a gain in sensitivity without loss in spatial resolution. In this article, the relevance of the HiSens architecture for planar scintimammography is studied. Methods: A detective quantum efficiency ͑DQE͒ computation method is developed and used to optimize the dimensioning of a parallel hole collimator dedicated to scintimammography. Based on the DQE curves, the impact of the collimator-to-detector distance is studied. Two algorithms are proposed to combine data acquired with different collimator-to-detector distances. Results: It is shown that CZT detector virtual pixelization increases system sensitivity by 3.3 while preserving a standard LEHR spatial resolution. The introduction of a gap between the CZT detector and the collimator is useful to modulate the DQE curve shape. The combination of data acquired using different gaps in the image formation process leads to enhanced restoration of the frequency content of the images, resulting in image contrast and spatial resolution improvements. Conclusions: Acquisition duration or injected activity could be markedly reduced if the HiSens architecture with an appropriate collimator-detector gap were used.
I. INTRODUCTION
In the United States and Western Europe, breast carcinoma is today the most common cancer in women.
1 Early lesion detection is of foremost importance for successful treatment. Clinical breast exams and mammographies are currently used for screening. However, these techniques have limited sensitivity for in-depth and axillary lesions. 2 In the case of dense breasts, lesion detection rate decreases from a range of 71%-96% ͑normal breasts͒ 3 to a range of 48%-63% ͑dense breasts͒ [4] [5] [6] when only mammography is used. As women with dense breasts have an increased risk of developing breast cancers, 7 additional imaging methods are currently being investigated to improve the breast cancer diagnosis. 8 In this paper, we focus on scintimammography, which has the advantage of being virtually not affected by breast density. Scintimammography is a functional imaging method that detects the uptake of a radiotracer in the breast with a gamma camera. This technique traditionally uses classical Anger gamma cameras, based on NaI͑Tl͒ detectors, with typical fields of view of 50ϫ 50 cm 2 . However, these detectors make it difficult to position the breast close to the detector, and the resulting spatial resolution is only about 1 cm.
In the past ten years, dedicated small field-of-view scintillator-based gamma cameras have been designed. 9, 10 Two systems, the 6800 system ͑Dilon Diagnostics ® , Newport News, VA͒ and the 2020tc Imager ͑Digirad, San Diego, CA͒, respectively, based on NaI͑Tl͒ and CsI͑Tl͒ crystals, are now on the market. Their small size makes it possible to reduce the breast-detector distance. Based on a pixelated architecture, these systems improve the spatial resolution and the visualization of subcentimetric lesions compared to conventional gamma cameras. [10] [11] [12] Compared to mammography, sonography, and MRI systems, it was shown that these small field-of-view dedicated gamma cameras have excellent sensitivities for the breast cancer detection. [13] [14] [15] More recently, several laboratories have developed and assessed pixelated CdZnTe ͑CZT͒ small field-of-view gamma imagers. [16] [17] [18] [19] A system based on this technology, the LumaGem 3200s system ͑Gamma-Medica Inc., Northridge, CA͒, is commercially available. 20 Several reasons motivated this transition to the CZT semiconductor material. First, CZT detectors offer a high intrinsic spatial resolution, equal to the electrode size. This feature is of great importance for the detection of subcentimetric lesions placed close to the collimator face. 12 Moreover, as they do not require the use of photomultiplier tubes ͑PMTs͒ and the associated electronic board is only a few centimeters thick, they are more compact than a NaI͑Tl͒ crystal associated with PMTs, which facilitates compactness and close proximity imaging. Finally, CZT detectors offer a better energy resolution ͑ϳ3% FWHM at 140 keV͒ than NaI͑Tl͒ crystals ͑ϳ9% FWHM at 140 keV͒. 21 However, this enhanced energy resolution has only a limited impact on scintimammography, according to Hruska and O'Connor, 12 due to the relatively low scatter in breast imaging. Encouraging results have already been obtained with the CZT-based systems, such as high sensitivity ͑ϳ86%͒ for the detection of small breast lesions ͑Ͻ1 cm͒. 17 However, these systems are still associated with high resolution collimators, which greatly limit potential detection efficiency. As a result, the effective dose per scan, which is about 6.7 mSv, 22 cannot be significantly decreased by using CZT detectors only.
To further improve the performance of gamma cameras, our laboratory has proposed an innovative architecture known as HiSens. 23 This architecture is based on pixelated CZT detectors, 24 like the CZT prototypes mentioned above, and is also characterized by a large aperture collimator to improve system sensitivity. Moreover, a dedicated electronics accurately locates photon-detector interactions 25 by retrieving the depth-of-interaction ͑DOI͒ information and by using a CZT detector sampling less than the electrode size. Such accurate positioning of the detected photons yields a high spatial resolution despite the use of a high sensitivity collimator. The HiSens geometry and associated reconstruction algorithms have been previously validated in planar and SPECT modes using simulations and experiments. 26 In the present paper, the relevance of the HiSens architecture is studied in the context of planar scintimammography. This application, for which the detection of small lesions is of great interest ͑Ͻ1 cm in diameter, 17, 18 corresponding to spatial frequencies Ͼ1 cm −1 ͒, is appealing for the HiSens architecture, which significantly improves the restoration of high spatial frequencies. 26 The aim of the study is to optimize the collimator parameters and to evaluate the maximum sensitivity gain achievable using HiSens without loss in spatial resolution compared to low-energy high resolution ͑LEHR͒ systems. For that purpose, a DQE computation method is developed. Based on the DQE curves, the role of a new parameter, the collimator-to-detector distance, is studied, and the value for this parameter is optimized in addition to the collimator dimensions. Two algorithms are proposed to combine data acquired for different collimator-to-detector distances. All results are validated using Monte Carlo simulations. An experimental validation is also presented to validate part of the results.
II. BACKGROUND: HISENS ARCHITECTURE DESCRIPTION
The HiSens architecture consists of a pixelated CZT detector, a dedicated electronics for 3D localization, a parallelsquare hole collimator, and an algorithm to estimate the planar image from the acquired data. A large aperture collimator is used to increase system sensitivity. To maintain a correct spatial resolution despite the large aperture collimator, a collimator response deconvolution is performed even in the planar acquisition mode. This deconvolution is feasible, thanks to the accurate 3D positioning of the photon interactions inside the CZT detector obtained using biparametric spectra 21, 24 and barycentric calculation. 25, [27] [28] [29] Barycentric calculation, which uses the signal of the adjacent anodes to locate the x and y positions inside the physical detector pixel ͑electrode͒, does not increase the number of read-out channels. Figures 1 and 2 illustrate how the resampling ͑fine pixelization of the CZT detector and DOI information͒ reduces the backprojection cones compared to a conventional architecture. This resampling is referred to as HiSens processing hereafter in this paper.
III. MATERIAL AND METHODS

III.A. Simulated HiSens architecture
In scintimammography, preference is given to small fieldof-view gamma cameras to place the breast in close proximity to the detector. In our study, a 224ϫ 224 mm CZT detector was considered. Its thickness was set to 5 mm in order to obtain the detection sensitivity of a conventional NaI͑Tl͒ Anger camera ͑85% at 140 keV͒. To study the impact of detector spatial sampling ͑Fig. 1͒, four virtual detector pixel sizes were considered: 1.6, 0.8, 0.4, and 0.2 mm, which corresponded to 1, 4, 16, and 64 virtual pixels per collimator hole, respectively. The detector was also divided into three equally sensitive virtual layers ͑the thickness of each layer was set in such a way that layers detected equal numbers of photons͒ to take advantage of the DOI information. Finally, a configuration with only one 5 mm thick CZT detector layer was studied as a reference.
In conventional gamma-camera architectures, the detector is next to the collimator to avoid multiplexing: A detector pixel can be reached only by photons entering through a given collimator hole ͑Fig. 3͒-assuming no septal penetration. In this work, we study the impact of increasing collimator-to-detector distance, c, on system's performance. Collimator-to-detector distances ranging from 1 to 10 mm were investigated. The 1 mm collimator-to-detector distance was considered as the reference value used in conventional systems.
III.B. DQE calculation and collimator optimization
To optimize the tungsten parallel hole collimator dimensions for scintimammography when using the HiSens architecture, a DQE calculation approach was used. The DQE is a figure of merit characterizing the effective sensitivity for each spatial frequency, where the spatial frequency refers to the inverse of the periodicity with which the image intensity value changes. The DQE describes the specific response of a system to a given object. It is useful for comparing detection systems including gamma cameras. 30 The DQE calculation method for gamma imaging is detailed in Ref. 26 . It includes several approximations such as the stationary noise hypothesis. This assumption is essential for characterizing the imaging system regardless of the object of investigation. Moreover, the noise is considered as to be only due to the gamma detection statistics, which is valid for photon counting detectors. These assumptions lead to Eq. ͑1͒, which gives the DQE expression for the HiSens configuration, in which n ͕subpixel+ virtual layer͖ sets are considered,
In Eq. ͑1͒, S i and MTF i are the sensitivity and the modulation transfer function ͑MTF͒ corresponding to ͕subpixel+ virtual layer͖ set i. Figure 4 illustrates the DQE calculation method. First, the point spread function ͑PSF͒ corresponding to each ͕subpixel+ virtual layer͖ set is obtained from a point source.
A Fourier transform is then applied to each PSF to obtain the corresponding MTF. Performing a radial mean and a summation over all sets finally yields the DQE curve, which describes the system response as a function of the spatial frequency.
To optimize the collimator parameters, PSFs and MTFs were calculated for each collimation configuration. As 99 m Tc is the relevant isotope for scintimammography, the analytical simulation software SINDBAD ͑Ref. 31͒ was used to obtain projections of 99 m Tc ͑140 keV͒ point sources ͓Fig. 5͑a͔͒.
Scintimammography protocols recommend the use of high resolution collimators. 32 For this reason, a LEHR collimator was first simulated ͑1.6 mm pitch, 0.15 mm septal thickness, 29 mm septal height, resulting in a 10 −4 efficiency͒. The LEHR performances were compared to those of the collimators associated with the HiSens architecture.
We first studied the impact of the fine CZT detector overpixelization on the DQE values. An arbitrary low-energy high sensitivity ͑LEHS͒ collimator was considered. Except for its height ͑16 mm͒, its characteristics were the same as those of the LEHR collimator. A gap between the collimator and the detector was introduced. The gap thickness c was set to 1, 5, and 10 mm. Several high sensitivity collimators were then investigated. They all had the same pitch, p = 1.6 mm, but their heights varied from 8 to 22 mm. The septal thicknesses were set in such a way that the septal penetration, s, was smaller than 5% ͓Eq. ͑2͔͒.
where a is the collimator height, is the tungsten linear attenuation coefficient ͑3.6 mm −1 at 140 keV͒, and ␤ depends on the desired septal penetration value ͑0.05 in our case͒. Table I summarizes the parameters of the simulated collimators. Finally, the collimator-to-detector distance c varied from 1 to 10 mm for each high sensitivity collimator.
To reproduce a scintimammography scan, the DQE values were calculated for a point source located 50 mm from the collimator surface. This 50 mm distance, which corresponds to the mean thickness of a breast, is frequently used to optimize breast imaging systems. 33 This assumes that the breast is in contact with the collimator surface and that only one detector head is used. This distance can be halved if a dualhead system is used. 16 The DQE curves were plotted for each configuration described above ͑8-22 mm collimator thickness, 1-10 mm collimator-to-detector distance, 1-64 virtual pixels per collimator hole, without and with DOI information͒. All DQE curves were compared to the curve corresponding to the reference LEHR collimator for equivalent acquisition durations. Lesions of interest in scintimammography should be detected as soon as possible. We therefore chose to perform DQE measurements for spatial frequencies ranging from 0 to 3 cm −1 , corresponding to lesions at least 3.3 mm in diameter ͑smaller sizes would be out of reach for the considered detector given the 1.6 mm collimator hole͒.
III.C. Assessment of image quality
To validate the DQE-based optimization and assess the detection system spatial resolution, projections of a Derenzo phantom ͓Fig. 6͑a͔͒ including rods between 8 and 1.6 mm in diameter, i.e., rods with diameters of clinical interest, were simulated using the GATE Monte Carlo simulation tool. 34 The phantom ͑73.6 mmϫ 73.6 mmϫ 38.4 mm͒ included 99 m Tc ͑140 keV͒ and had a voxel size of 0.8ϫ 0.8 ϫ 0.8 mm 3 . The rod-to-background activity ratio was set to 6. 35 For each collimation configuration, the source-tocollimator distance was set to 50 mm ͓Fig. 6͑b͔͒, and the acquisition duration was adjusted to obtain 1 Mcount/ projection. All physical effects ͑i.e., photoelectric, Compton, and Rayleigh͒ were modeled in the GATE simulations. An almost ideal detector was simulated: Only a limited energy resolution of 4% at 140 keV was modeled using a Gaussian energy blur, but no spatial blurring was included. The low tail seen in CZT detectors 20 was not modeled as we subsequently considered only events detected in the narrow 133-147 keV energy window.
An ordered subset expectation maximization ͑OSEM͒ algorithm dedicated to the HiSens architecture was previously developed. 23 It was used to reconstruct the image from the detected signal, even in the planar acquisition mode. The system matrix was analytically calculated using SINDBAD. As the convergence speed of the algorithm depends on the collimation configuration, the high-frequency noise ͓Eq. ͑3͔͒ was estimated considering the lukewarm uniform areas of the Derenzo reconstructed images using
where i represents the value of pixel i, m i is the mean value of the eight adjacent pixels, and N is the pixel number in the uniform area of interest. Based on this noise measurement, the reconstructed images corresponding to the same level of noise could be compared. The contrast of the three largest rods was measured using
where 1 and 2 are the mean pixel values in three areas of 3 ϫ 3 pixels placed in the hot ͑three largest rods, regions away from the rod edges͒ and lukewarm regions, respectively.
III.D. Combination of projections acquired for different collimator-to-detector distances
The introduction of the collimator-to-detector distance, c, can yield several projections for a given collimator, one for each c distance. These images can be reconstructed independently with an OSEM algorithm. They can also be combined to obtain a single reconstructed image from the set of projections corresponding to different c values and thus take advantage of the specific restoration of spatial frequencies offered by each c value. Two methods were investigated to combine the acquired projections during the image formation process. 
III.D.1. Classical OSEM algorithm
The simplest method for combining the projections consists of using OSEM, with the projections corresponding to the different collimator-to-detector distances, and a system matrix obtained from the juxtaposition of the system matrices corresponding to the different c values. Equation ͑5͒ illustrates the inverse problem to be solved when N projections are acquired, .
͑5͒
In Eq. ͑5͒, p n−k is the measurement in detection bin k for the nth acquisition ͑the nth collimator-to-detector distance͒, r n−k−i is the probability that a photon emitted in voxel i be detected in detection bin k for the nth collimator-to-detector distance, and f i is the source activity in voxel i.
The resulting image combining three collimator-todetector distances ͑1, 5, and 10 mm͒ was compared to the three images obtained independently with OSEM considering each collimator-to-detector distance. For this comparison, only one-third of the counts recorded in each of the projections acquired for the thee different c distances was used so that the number of counts in the final image was identical to that in each image obtained from a single c distance.
III.D.2. Wavelet decomposition
The second approach to combine images corresponding to different c values was based on wavelet decomposition. 36 The wavelet representation decomposes an original signal on a wavelet orthogonal basis and can be viewed as a multiresolution tool. It is possible to reconstruct a signal from its wavelet series decomposition using the inverse wavelet transform. 36 The following paragraph explains how the wavelet decomposition and recomposition were implemented to combine projections acquired with different c values. Unlike in the previous OSEM-based approach, projections were independently reconstructed for each collimator-to-detector distance and were combined afterward.
Let Image_ c n be the reconstructed image corresponding to the nth distance between the collimator and the detector. The combination method works as follows ͑Fig. 7͒: tion was compared to the three images corresponding to the 1, 5, and 10 mm collimator-to-detector distances. Again, for this comparison, only one-third of the counts recorded in each of the projections acquired for the three different c distances was used for a fair comparison with the images reconstructed from a single c distance.
III.E. Experimental study
Projections of a 57 Co point source ͑1 mm diameter-185 kBq͒ placed 50 mm from the collimator plane were acquired ͓Fig. 5͑b͔͒ using a small field-of-view CZT gamma imager. 25 The camera was mechanically translated to acquire all the projections. The detector was 5 mm thick and had 4 ϫ 4 physical pixels ͑1.6 mm pixel size͒. Using the barycentric calculation, each physical pixel was divided into 20ϫ 20 virtual pixels ͑0.08 mm pixel size͒. A single 5 mm virtual layer was considered. A high sensitivity square hole parallel collimator ͑H12͒ was placed in front of the detector. The collimator had 6 ϫ 6 holes, a 1.6 mm pitch, a 0.15 mm septal thickness, and was 12 mm high. Three collimator-to-detector distances were studied: c = 3, 5, and 7 mm. Due to an aluminum entrance window, the c = 0 mm acquisition was not possible. For each collimator-to-detector distance and translation table position, a 1600 s acquisition was performed. No energy window was used.
IV. RESULTS
IV.A. DQE analysis
The arbitrary LEHS ͑H16͒ collimator was first considered to study the impact of CZT detector sampling and of collimator-to-detector distance on the DQE curves. Figure 9 shows the DQE values obtained with the LEHS collimator for four virtual pixel sizes ͑1.6, 0.8, 0.4, and 0.2 mm͒. The DQE curve corresponding to the LEHR collimator ͑dashed line͒ was plotted as a reference. In all cases, the collimator-to-detector distance was set to 1 mm.
IV.A.1. Impact of detector pixelization on the DQE curves
Considering the DQE values at the 0 cm −1 frequency, the sensitivity gain achieved by the reduction in collimator height was roughly 3.6. Moreover, DQE values for the 16 mm thick collimator ͑green curve͒ are lower than DQE values for the LEHR collimator for frequencies above 0.9 cm −1 when the detector pixel size is set to 1.6 mm ͑i.e., without 8 . Illustration of the wavelet decomposition process ͓step ͑2͒ described in the text͔: ͑b͒ A low resolution image LR2 and ͑c͒ six high resolution images ͑two for each approximation level͒ were deduced from ͑a͒ an initial reconstructed image ͑Image_ c n ͒.
HiSens processing͒. As expected, restoration of high spatial frequencies is markedly reduced if only a large aperture collimator is used. Spatial resampling of the CZT detector ͑0.8, 0.4, and 0.2 mm virtual pixels͒ increases the DQE values ͑Fig. 9͒. Virtual pixel size was therefore set to 0.2 mm ͑64 virtual pixels per collimator hole͒ in the remainder of this study. Figure 10 shows the DQE values obtained with the LEHS collimator when the collimator-to-detector distance was set to 1 and 10 mm, without HiSens processing ͑1 DOI-1.6 mm pixel size͒. DQE values corresponding to c = 10 mm are lower than DQE values obtained for c = 1 mm. This explains why no gap between the collimator and the detector has been introduced in the gamma camera up to now. Figure 11 shows the DQE curves corresponding to the LEHS collimator when HiSens processing was used ͑3 DOI-0.2 mm virtual pixel size͒, and a gap between the collimator and the detector was introduced ͑c = 1, 5, and 10 mm͒. The DQE curve corresponding to the LEHR collimator is plotted as a reference. The shape of the DQE curves is modulated depending on collimator-to-detector distance. Considering the LEHS-c = 10 mm configuration, the gap between the collimator and the detector decreases the low-frequency DQE values and increases the high-frequency DQE values compared to smaller gaps. Moreover, comparing the LEHS-c = 5 mm and the LEHR DQE curves, the 5 mm collimator-to-detector distance yields greater DQE values for all frequencies of interest. Figure 12 compares the DQE curves corresponding to several collimation configurations for a source-to-collimator distance of 50 mm and a collimator-to-detector distance of 1 mm when HiSens processing is used. The LEHR collimator curve is plotted as a reference.
IV.A.2. Impact of collimator-to-detector distance on the DQE curves
IV.B. Collimator optimization
A desirable collimator should recover or improve the high-frequency content ͑measurable, thanks to the DQE values͒ captured by the reference LEHR collimator ͓Eq. ͑6͔͒ with a maximum sensitivity gain ͓Eq. ͑7͔͒. Comparing all curves plotted in Fig. 12 , the H17 collimator fulfills these criteria ͑Fig. 13͒. A 3.3 increase in detection sensitivity can therefore be achieved while maintaining the spatial resolution of the LEHR collimator,
To further optimize the collimator parameters, the collimator-to-detector distance was made to vary in addition to the collimator septal height. Figure 14 illustrates the DQE ratios ͑collimator DQE divided by LEHR DQE͒ obtained for three relevant collimation configurations ͑H15, H16, and H17͒. For all these configurations, the DQE ratio was greater than 1 in the frequency range of interest.
According to our criterion ͓Eq. ͑6͔͒, the optimized collimator should lead to a DQE ratio greater than 1, i.e., its DQE values should be greater than the reference LEHR DQE values, whatever the frequency. The H17 collimator associated with HiSens and a 5 mm collimator-to-detector distance meets these requirements ͑Fig. 15͒. Compared to the c = 1 mm configuration, high frequencies are better restored, a fact that is essential for detecting smaller lesions in scintimammography. [17] [18] [19] 
IV.C. Reconstructed images
Given that the DOI contribution was found to be modest in our geometric conditions ͑Fig. 13͒, only one 5 mm layer was considered for the results presented in this subsection. Figure 16 shows the GATE projections of the Derenzo phantom obtained with the LEHR and the optimized H17 HiSens collimators for different collimator-to-detector distances. HiSens processing was applied to the H17 projections ͑1 DOI-1120ϫ 1120 pixels-0.2 mm pixel size͒, but not to the LEHR projection ͑1 DOI-140 ϫ 140 pixels-1.6 mm pixel size͒. The five projections have the same count numbers ͑1 Mcount͒, which results in an acquisition duration 3.3 times shorter for the H17 HiSens collimator compared to the LEHR collimator. The scatter fraction detected in the 133-147 keV energy window is equal to 14.8% and 16.9% for the LEHR and H17 collimators, respectively. The image deterioration due to the use of a large aperture collimator is clearly visible. A comparison of FIG. 13 . Zoom on the DQE values measured for a 50 mm source-tocollimator distance with the LEHR ͑H29͒ and the high sensitivity H17 collimator. For the LEHR collimator, no HiSens processing was used. For the H17 collimator, HiSens processing was used ͑1 or 3 DOI-0.2 mm virtual pixel size͒. c was set to 1 mm in the three configurations. Figs. 16͑c͒-16͑e͒ illustrates the multiplexing phenomenon: The gap between the collimator and the detector leads to blurred images. Figure 17 compares the reconstructed images of the Derenzo phantom corresponding to the LEHR and the optimized H17 HiSens collimators for the same level of noise in the reconstructed images. When a conventional architecture ͑1.6 mm pixel size͒ is associated with the 17 mm thick collimator, the image quality is inferior to that obtained with the LEHR collimator. However, when the HiSens architecture ͑0.2 mm virtual pixel size͒ is associated with the H17 collimator, the image features are markedly improved. Comparison of the last three columns of Fig. 17 , which correspond to three different collimator-to-detector distances, shows that increasing c has a favorable effect on the high-frequency rod image contrast. The 4.0 mm rods ͑yellow arrow͒ are more visible with a 5 mm gap than with a classical 1 mm gap between the collimator and the detector. The contrast of the largest rods is slightly deteriorated due to this increased gap ͑see dashed arrow and contrast values͒. We checked that these results remained unchanged when a lower noise level ͑i.e., a smaller number of iterations͒ for each method is considered ͑results not shown͒.
IV.C.1. Derenzo reconstructed images for a single collimator-to-detector distance
Considering the DQE curves, the H17 collimator associated with the HiSens architecture and a collimator-todetector distance of 5 mm was defined as the optimized collimation configuration. Figure 17 shows that the contrast in the 4.0 mm rods observed with the reference collimator is recovered when this optimized collimation configuration is used. Moreover, the smallest rods ͑1.6 and 2.4 mm͒, which correspond to the highest frequencies, are slightly better recovered with the optimized H17 HiSens collimator than with the reference LEHR collimator. These results are consistent with the DQE analysis ͑see Sec. V͒. Figure 18 shows the image obtained with the adapted OSEM algorithm ͑see Sec. III D 1͒, which combines the three HiSens H17 projections ͑c = 1, 5, and 10 mm͒. Only one-third of each projection count number was used for a fair comparison with the reconstructed images corresponding to collimator-to-detector distances of 1, 5, and 10 mm, respectively. When only one collimator-to-detector distance was considered, the OSEM algorithm was actually an MLEM algorithm as only one virtual layer was used. The largest rod ͑8 mm͒ contrast is recovered when using the OSEM-based method for combining the three collimator-to-detector projections. The 4 mm rods ͑yellow arrow͒ are well recovered in the combined image. The smallest rods ͑1.6 and 2.4 mm͒ are slightly better recovered in the combined image than in the c = 1 mm image ͑Fig. 19͒. Figure 18 also shows the combined image obtained with the wavelet decomposition method. For the largest rods ͑8, 6.4, and 4.8 mm͒, the contrast is enhanced using the wavelet decomposition-based method ͑Fig. 18͒. However, recovery of the shape of the small rods ͑4.0, 2.4, and 1.6 mm͒ is enhanced when the OSEM-based combination algorithm is used. Figure 20 illustrates the experimental projections of the 57 Co point source acquired with the H12 high sensitivity collimator for c = 3 and c = 7 mm. Virtual pixel size was set to 0.08 mm. As expected, a magnifying pattern can be observed. Figure 21 shows the experimental DQE curves obtained for c = 3, 5, and 7 mm when HiSens processing ͑1 DOI-0.08 mm pixel size͒ is used. The curves corresponding to a conventional architecture ͑1 DOI-1.6 mm pixel size͒ are also plotted for the c = 3 and 7 mm distances. Without HiSens processing, DQE values corresponding to c = 7 mm are lower than DQE values obtained for c = 3 mm. This result confirms that the introduction of a collimator-detector gap is useless without virtual overpixelization. A modulation of the frequencies depending on collimator-to-detector distance can be observed when HiSens processing ͑1 DOI-0.08 mm pixel size͒ is used.
IV.C.2. Derenzo reconstructed images combining several acquisition configurations
IV.D. Experimental results
V. DISCUSSION
In recent years, CZT detectors have been increasingly studied in medical imaging for their performance and their compact size. When associated with the HiSens architecture, the potential of these detectors is further enhanced.
In this study, we determined the collimator that would make the most of the HiSens architecture for scintimammography applications, using a DQE analysis. Our preliminary results demonstrated that virtual sampling of the CZT detector improved the DQE values and also suggested that the collimator-to-detector distance could play a role in frequency restoration. This parameter, which cannot be taken advantage of in conventional gamma cameras, is actually useful for modulating DQE curves when the HiSens processing is applied. These simulated results were experimentally validated for a specific setup.
Using the DQE analysis tool and varying the collimator parameters, we found that for a source-collimator distance of 50 mm, the collimator that would recover or even improve the reference LEHR collimator spatial resolution with a maximum gain in sensitivity had a 17 mm septal height and a 1.6 mm pitch, considering a 0.2 mm detector virtual pixel size ͑64 pixels per collimator hole͒. A 5 mm gap between the collimator and the detector further improves the highfrequency image content. Images of a Derenzo phantom ͑Fig. 17͒ confirm the results of DQE-based optimization and demonstrate the satisfactory match achieved between the DQE curves and the reconstructed images ͑Fig. 22͒.
Considering the entire DQE analysis, we showed that a 3.3 increase in sensitivity could be achieved using the HiSens architecture, suggesting that acquisition duration ͑or injected activity͒ could be reduced by a factor of 3.3.
We also showed that the collimator-detector gap could impact the DQE curves. This feature could be taken advantage of using at least three strategies:
͑1͒ The object frequency content is unknown-A c distance, which smoothes the DQE curve and thus prevents both low-and high-frequency hollows, can be determined for each collimation geometry. In the H17 collimation case studied, c is about 5 mm. ͑2͒ The frequencies of interest for the considered object are known a priori ͑using a prescan or a scout image͒-A c distance that maximizes the DQE values for the frequencies of interest can be determined and used for imaging. ͑3͒ Several acquisitions corresponding to different c distances can be performed and combined.
Our results could be taken advantage of for the adaptive SPECT imaging concept recently developed, [38] [39] [40] [41] in which two-step protocols are encouraged. In our case, a quick scout image could be performed to roughly identify the characteristic frequencies of the object of interest. The best collimation configuration could then be selected based on the previously tabulated DQE curves. Equipment should obviously be available to accurately tune the collimator-to-detector distance.
To make the most of images acquired for different collimator-to-detector distances, two projection combination methods have been proposed ͑Sec. III D͒. The corresponding results suggest that there might be an advantage in operating at several collimator-to-detector distances to better recover the frequency content of the object of interest. This will, however, require further investigation.
The main aim of the work was to study the effects of fine 3D spatial sampling on image quality, collimation optimization, and associated efficiency gain. An ideal detector was thus considered ͑no modeling of the intrinsic spatial resolution͒. Preliminary experimental studies suggest that a 400 m intrinsic spatial resolution can be obtained with barycentric positioning. This will be included in future simulations of the detector. In this work, a CZT detector was considered. The method could, however, be extended to other materials such as scintillators if small physical or virtual pixel sizes become achievable. FIG. 21 . Experimental DQE values measured for a source-to-collimator distance of 50 mm with the high sensitivity collimator ͑H12͒. Two pixel sizes ͑1.6 and 0.08 mm͒ and three collimator-to-detector distances ͑c =3, 5, and 7 mm͒ were considered.
VI. CONCLUSION
In this study dedicated to scintimammography applications, the relevance of the HiSens architecture was demonstrated. DQE computations and Monte Carlo simulations both showed that accurate 3D positioning of interactions in the CZT detector associated with an appropriate collimatordetector gap made it possible to increase detection sensitivity while maintaining or improving the spatial resolution of a reference LEHR collimator. Considering a 50 mm sourcecollimator distance, we showed that an increase in sensitivity by a factor of 3.3 could be achieved, suggesting that acquisition duration or injected activity could be markedly reduced if this HiSens architecture was used. Processing approaches to make the most of the acquired data were also presented and showed that combining data acquired with different collimator-detector gaps could further improve restoration of the frequency content of the images. 
